DOUBLE strand breaks (DSBs) represent the most significant damage of the DNA. In complex reactions between stressor, cellular DNA and repair processes, DNA lesion may be repaired back to the original state, or missrepaired making chromosomal aberrations or inducing the frame of chromatin structure to activate other cell functions beyond canonical DNA damage response.
Phosphorylated histone H2AX (namely γ-H2AX)
represents the first signal molecule in the pathway that activates DSBs repair 1 . The role of γ-H2AX foci is to amplify DSB signalling to facilitate cell-cycle arrest at distinct points of the cycle, consecutively enabling sufficient time for repair, namely to prevent entry of damaged cells into mitosis 2 . During the arrest, cells either activate a cascade of proteins needed to complete repair or commit suicide by apoptosis. Phosphorylation of histone H2AX takes place in both processes 3, 4 , representing a universal cellular response to DSBs. Although a body of evidence shows that DSBs could occur after exposure to different exogenous agents, it has also been reported that their molecular structure could be very complex and is strongly relates to their origin, suggesting that their repair and final fate of cell survival could be strictly related to their complexity 5, 6 . Cold atmospheric plasma (CAP) produces different kinds of reactive oxygen and nitrogen species (hydroxyl radical (
, nitric oxide (NO) and peroxynitrite (ONOO -)), consequently triggering various signalling pathways, including DNA repair, cell cycle control, apoptosis and other types of cell death 7, 8 . In the present study, CAP was generated in a mixture of helium and surrounding air in order to produce reactive oxygen and nitrogen species that play an important role in the plasma-cell interactions. The NO species are generated in the gas phase through several different reaction pathways, including direct reactions involving atomic oxygen and nitrogen atoms, or nitrogen molecule and oxygen atoms. The formation of peroxynitrite is possible through several reaction pathways depending on the experimental conditions. It can be formed through reaction of nitrates with hydrogen peroxide or in the reactions with O -2 and OH
•-(refs 9-11).
Our previous work has shown that the effects of plasma doses can be tuned to match the typical therapeutic doses of ionizing radiation, inducing mainly apoptosis of human primary cells 12 . In this study, we have used previously established experimental conditions to further examine the repair kinetics of plasma-induced DSBs as well as to get an approximate estimate of the time window when apoptotic outcome of the cells occurs. Repair kinetics was assessed using γ-H2AX phosphorylation assay and, in parallel, apoptosis was assessed by flow cytometry. The level of lipid peroxidation was also monitored.
Primary fibroblasts were obtained from skin biopsies of three healthy volunteers undergoing plastic surgery. All subjects signed informed consents regarding this study, which conformed to the Declaration of Helsinki and was approved by the Ethical Committee of the Vinca Institute of Nuclear Sciences, Belgrade, Serbia. A total of three primary fibroblast cell lines were established. Cells were grown in Chang Amnio medium (Irvine Scientific, USA) at 37°C in a humid atmosphere and 10% of CO 2 . Each sample was set up in duplicate: one set was used for γ-irradiation while the other set was used for plasma treatment.
As shown in Figure 1 , the plasma needle was placed above the samples and powered at 13.56 MHz. Helium flow rate of 1 SLM (standard litre per minute) was used for all treatments. Derivative probes were used to measure the power delivered to the plasma. Grounded electrode made of copper foil was placed beneath the samplecontaining vessel. The distance between the needle tip and the samples was 5 mm. Plasma power of 0.4, 0.6 and 1.4 W was used in the experiment. Treatment duration was 30 sec for all three applied powers under standard laboratory conditions, i.e. relative humidity of 50% and Samples were irradiated using 60 Co γ-ray source (the most explored therapeutic dose of 2 Gy at a dose rate 0.45 Gy/min). The dimensions of the radiation field were 20 × 20 cm and distance from the source was 74 cm. After irradiation, cells were returned to the tissue culture incubator, and processed according to the method of Rogakou et al. 13 . Thereafter, the cells were placed in an incubator for recovery. Slides were processed on different incubation times after the treatment (30 min, 2 h, 5 h and 24 h) employing γ-H2AX phosphorylation assay. Parallel samples were used for flow cytometry and lipid peroxidation analysis.
For immunostaining, exponentially growing cells were seeded on polylysine glass slides (Sigma-Aldrich, USA) and allowed to attach to the slide surface for 24 h before treatment with ionizing radiation or cold plasma. At various time points after the treatment (30 min, 2 h, 5 h and 24 h), the cells were fixed in 4% formaldehyde, permeabilized with 0.2% Triton X-100 and stained with the γ-H2AX primary antibody (Merck Millipore, USA) and a FITC-labelled secondary antibody (Sigma-Aldrich, USA). The slides were mounted with 4′,6′-diamidino-2-phenylindole (DAPI)-containing Vectashield solution (Vector Laboratories Ltd, UK), covered with coverslips and sealed. Foci positive for γ-H2AX were counted using an epifluorescent Axiomager A1 microscope (Carl Zeiss, Germany) and the computer software ISIS (Metasystem, Germany), according to the method of Kinner et al.
14 . For apoptosis assay, at each time point after irradiation and plasma treatment, cells were washed with prewarmed phosphate buffer saline (PBS) at 37°C and fixed in 96% ethanol. Apoptosis was monitored by flow cytometry (Becton Dickinson, Germany). DNA content was assessed by measuring the UV fluorescence of propidium iodide-stained DNA (PI, 10 mg/ml, Sigma-Aldrich, USA). Apoptotic population and cell cycle analysis was performed using CellQuest software (Becton Dickinson, Germany), according to the method of Holmes et al. 15 . For lipid peroxidation by measuring thiobarbituric acid reactive substances (TBARS) spectrophotometrically, we followed the method of Janero 16 : 0.1 ml of pellet and 0.1 ml of medium of the same culture were used for analysis. Briefly, 0.4 ml of 50 mM Tris-HCl buffer containing 180 mM KCl and 10 mM EDTA was added to 0.1 ml of pellet lysate or defrosted medium, 0.5 ml of 2-thiobarbituric acid (Merck; 1 wt%/vol) in 0.05 M NaOH and 0.5 ml of HCl (25 wt%/vol in water). The mixture was heated in boiling water for 10 min, reaction was stopped by cooling samples on ice, and thereafter the chromogen was extracted in 3 ml of n-butanol in the organic phase separated by centrifugation at 5000 rpm for 10 min. The absorbance of the organic phase was measured spectrophotometrically (Tecan Sunrise absorbance microplate reader, Tecan Group Ltd, Switzerland) at 532 nm wavelength. The amount of lipid peroxidation was expressed as nmol of TBARS (malondialdehide, MDA equivalents)/mg of proteins, using a standard curve of 1,1,3,3-tetramethoxypropane. Proteins were determined according to Lowry et al. 17 using bovine serum albumin as standard.
Statistical analysis was performed using SPSS 10 for Windows. Differences between the groups were assessed using nonparametric Mann Whitney U test, while correlation between different parameters was assessed by Pearson correlation. Differences at P < 0.05 were accepted as the level of significance. Table 1 and Figure 2 present results obtained in the experiment where cells were directly exposed to nonthermal plasma.
Previously (Figure 2 a) where all the cells closest to the powered electrode were detached from the polylysine surface.
A maximum of foci induction after non-thermal plasma treatment with power of 0.4 and 0.6 W occurred 2 h after treatment (1.5 h later when compared with ionizing radiation), indicating that most of the treated cells will die via apoptosis (Table 1) . Initial DNA damages are nonreparable and determine early apoptosis. This observation was confirmed by flow cytometry data, which showed that apoptosis occurred in a dose (power)-dependent manner, i.e. the highest power induced necrosis, power of 0.6 W induced apoptosis with maximum between 30 min and 2 h after treatment; whereas 0.4 W induced apoptosis 2 h after exposure and last continuously for up to 5 h (Table 1) . Interestingly, besides power-dependent time shift in apoptosis induction, apoptosis time window was the same and lasted for 2 h.
A positive correlation between the number of cells carrying 60 signals per cell and percentage of cells displaying apoptotic granulation was found for cold plasma treatments with power of 0.4 and 0.6 W (Pearson correlation, P < 0.01, r = 0.967 and P < 0.05, r = 0.934 respectively). In samples treated with power of 1.4 W, high number of misshapen nuclei was observed, as well as elevated concentration of MDA. Bulky phosphorylation of γ-H2AX seen as more than 60 signals per nuclei, correlates with apoptotic fragmentation. It has been previously reported that H2AX phosphorylation that leads to apoptosis mainly occurred by DNA-PKcs 4 , although phosphorylation of H2AX via c-Jun N terminal kinases (JNK) cannot be neglected due to UV irradiation in plasma source. However, DNA-PKcs are predominant kinases that phosphorylate H2AX when irrepairable lesions are induced, activating apoptosis, as revealed by the normal fibroblast cell lines that we used in the experiment. In cells irradiated with ionizing radiation, phosphorylation of H2AX occurs via ATM kinase that leads to activation of cascade molecules involved in DSBs repair. H2AX is the most important molecule in a switch between apoptosis versus repair response following DNA damage 18, 19 . According to the results obtained in this Figure 2 c) . Induced DSBs are mostly repaired within 24 h. During recovery period, a portion of cells undergoes unsuccessful repair outcome, and is removed from the population via apoptosis. Apoptosis starts 30 min after irradiation (37.25%) and continuously occurs during the next 5 h almost at the same extent, suggesting that all cells that enter the S-phase of the cell cycle with unrepaired DSBs are directed towards apoptosis. The maximum pick of apoptosis takes place 24 h after irradiation (51.51%), restoring γ-H2AX foci mostly to the baseline level. Residual foci, after recovery period of 24 h, are the main side effects after irradiation with ionizing radiation, because unrepaired DSBs can interact with other lesions creating hybrid genes, deletion or duplication that can lead to genomic instability and transformation of cells 8, 20 . In contrast to ionizing radiation, treatment with cold plasma power of 0.4 and 0.6 W induces maximum formation of γ-H2AX foci 2 h after treatment, accompanied by massive apoptosis of treated cells (Table 1) . The highest power (1.4 W) induces necrosis of cells, characterized with misshapen, sparkling, partly detached nuclei, as seen microscopically. MDA levels were also elevated in these cells; they were statistically significant compared with other treatments (P < 0.05), indicating increased lipid peroxidation (Table 1) . Lipid peroxidation, depending on its extent, may endorse cellular survival or lead to cell death. High peroxidation rates that overcome repair capacities result in cell death 21, 22 , which, accompanied with exhausted energetic capacities, directs cells to necrosis 23 . After recovery period of 24 h, the number of cells surviving after treatment with non-thermal plasma power of 1.4 W is low, suggesting that initially induced bulky lesions determine lethal fate of treated cells.
Non-thermal plasma is a promising method to be used for treatment of small tissue areas. The results of this study strongly indicate that non-thermal plasma treatment in the power range 0.4-0.6 W induces apoptosis, whereas further increase in power induces massive irreparable lesions which lead to necrosis. Power-dependent time shift in apoptosis is observed, while apoptosis time window remains the same and lasts for 2 h. Further studies on non-thermal plasma should be directed towards examining the possible bystander effects on the surroundings of target tissues, since extracellular liquid of treated tissues carries newly produced chemical compounds that *For correspondence. (e-mail: drnagendra.dwivedi@gmail.com) can be stable for certain periods of time and induce adverse effects to the surrounding tissues acting as chemical messengers.
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